Electrical and fibre optic cable connector assemblies are often required to operate under the very harsh environmental conditions experienced in the offshore oil and gas industry and on ships, autonomous underwater vehicles and remotely operated systems. These assemblies are frequently the source of failure and so must be sealed, mostly at the metal connector-to-cable interface. This is normally achieved using a polyurethane (PU) encapsulant system that bonds at the interface between the metal connector back-shell and the cable. In environments where sacrificial anodes are used, however, cable connector assemblies are prone to cathodic delamination (CD, oxygen reduction increasing OH -concentration at the PU/metal interface), which can compromise PU-to-metal bonds causing failure. Materials that are resistant to CD failure are therefore highly desirable. New EC REACH legislation has further regulated the use of hazardous chemicals in the production and use of polymers. New, compliant materials have emerged, although lack well-established performance testing. Hence, in this work, stainless steel 316L, bronze CW451K, titanium Ti6Al4V, PU and commercially available primers (PR24 and PR91) were used to investigate CD failures in cable connector assemblies and galvanic coupling effects. Data obtained from longterm sea raft exposure trials and flowing natural seawater tank tests were used, for the first time, to validate shortterm accelerated laboratory salt-spray testing of these materials. The failure rate due to CD was observed to decrease in the order: electrochemical potential > polymeric system > metal substrate, strongly suggesting that electrochemical potential has the most dominant effect on CD failure rates.
Introduction
Corrosion failures caused by cathodic delamination (CD) account for a significant portion of the annual corrosion costs to the oil and gas sector [1] [2] . Such failures may lead to electrical shorting of cable connector assemblies and other corrosion failures, such as pitting, underfilm and hydrogen induced corrosion. These could cause sudden and catastrophic failures resulting in oil spills, if occurring in hydrocarbon carrying pipelines/vessels, and marine hardware failures [3] [4] [5] . This paper addresses CD of an encapsulating polymer (polyurethane, PU) used to adjoin cables (power transmission, fibre optics and telecommunications signals) to metal connector back-shells (mainly stainless steel) for use in harsh marine environments. These cables connector assemblies ( Fig. 1 ) have also been used on remotely operated vehicles (ROVs) and underwater surveillance systems [6] . The design and surface pretreatment (prior to sealing with PU) of the connector back-shells has been discussed in detail elsewhere [7] . CD failures, which could lead to water ingress and loss of electrical resistance/short circuiting in cable connectors [3, 6] , are thought to originate around a coating defect or bare metal regions present on the surface of a coated metal that is cathodically polarised whilst immersed in an electrolyte [8] [9] [10] [11] [12] [13] [14] [15] [16] . In marine cable connector assemblies, CD failures are usually characterised by three or more distinct failure modes: (i) failure at the metal/primer interface, (ii) failure at the primer/PU interface and (iii) failure at both of these interfaces (mixed mode failure) [3, 10] . Failure within the bulk of the primer (cohesive failures) is also very likely [10] . CD is prevalent in systems or structures used in marine environments particularly where corrosion protection of metal by protective coatings and either sacrificial or impressed current cathodic protection methods are used [1, [3] [4] [5] [6] . In locations where sacrificial anodes are employed, CD resulting from a localised cathodic reaction is thought to be the reason for polymer-to-metal bond failure [1, [3] [4] [5] [6] . Cable connector assemblies coupled to dissimilar metals, other than sacrificial anodes, will also undergo galvanic corrosion or CD depending on the nobility of individual metals in the galvanic couple [4] .
Fig. 1. A typical moulded cable connector assembly.
It is widely accepted that CD is caused by electrochemical reactions taking place at the metal substrate/polymer interface [4, [8] [9] [10] [11] [12] [13] [14] [15] and is influenced by a number of factors, including type of metal substrate, composition of electrolyte, electrochemical potential, coating characteristics and oxygen levels [4, 6, 8, [13] [14] 17] . The numerous parameters involved have made mechanistic details difficult to evaluate [1, 17, 18] . Alkali conditions, generated due to electrochemical reactions taking place on cathodically polarised metal surfaces, are thought to be responsible for the loss of metal-to-polymer adhesion. Studies by Leng et al. characterised the mechanism of delamination of model coatings from a steel surface starting from a well-defined coating defect in the metal/polymer composite [14, 15] . The delamination process is thought to be associated with a drop in electrode potential from very positive (anodic) values at an intact metal/polymer interface to negative values, which are typical of uncoated steel surfaces [14] .
For the manufacture and sealing of cable connectors, the ability to select metal and polymer materials that can resist deterioration due to CD and degradation by other mechanisms is of critical importance. Following recent European Commission (EC) legislation requiring registration, evaluation, authorisation and restriction of chemicals (REACH) that further restricts the use of certain hazardous chemicals in the production and use of polymers, a surge in production of new, compliant materials has pursued [19, 20] . Materials and design engineers are now saddled with the task of ensuring that new polymeric materials do not compromise performance or safety. Thus, polymer engineers and end users are faced with unresolved fundamental and practical issues regarding, for example, the type of test data, test methods, measurements and standard procedures required for robust assessment of the performance and safety of the new materials [20] .
Until 3 -4 decades ago, the formulations for most polymers were relatively stable, having well-established performance histories. New materials were evaluated simply by comparing the field performance of an established material with that of a new one [20] . Recent rapid changes in polymer formulations, chemistries and technologies have made this method impracticable because, unlike older, existing materials, new polymeric and composite materials do not have well-established performance histories that can be used for making durability comparisons and service life predictions [10, 20] . The latter parameter based on long-term material performance histories have now become increasingly unpopular and unfeasible due to the long exposure periods required to acquire such data. Existing alternatives, i.e., short-term laboratory tests, are often unreliable and viewed with suspicion. For these reasons, requirement for a reliable service life prediction methodology for polymeric materials has remained a continuing need [19, 20] . Data required for performance and service life-time predictions of new polymeric materials can be sourced from three major areas: fundamental mechanistic studies; laboratory accelerated ageing studies; and outdoor exposure studies [19] . The latter tests are almost always viewed as a de facto standard performance test against which other approaches must be compared, to establish their viability [21] . However, although outdoor exposure tests have played an important role in assessing the performance of polymers and are viewed as the ''realtime test'', it is argued that these tests, which are carried out under natural weather conditions, are neither repeatable nor reproducible and hence must be used with caution. In particular, the variability of weather conditions over the testing periods, often several years, has been of great concern [21] . The relationship between laboratory accelerated and outdoor exposure tests has remained an area of much research interest [22, 23] . Deflorian et al. compared degradation rates for samples exposed in a salt-spray chamber with those for identical samples exposed in the natural outdoor environment and reported a positive correlation [23] . Their work was focused, however, on thinly coated (5 -100 μm) samples and to our knowledge, no research data exists where field exposure studies have been compared with accelerated laboratory tests for metal/PU composites used in marine cable connector assemblies. The majority of the published work have either focused on the kinetics of CD or the screening of commercially available polymers using accelerated laboratory methods. While these papers are interesting and may contribute to the understanding of CD, they do not give a robust insight into the applicability of their findings in reallife applications.
With regard to the metal/PU interface in marine cable connector assemblies, the specific aims in this work were to: (i) understand the dominant and/or fundamental processes involved in CD failures; (ii) correlate failures from accelerated (salt-spray cabinet) tests with those from "real-life" flowing seawater tanks and on an exposure raft (Langstone Harbour, Portsmouth, UK); (iii) simulate the galvanic coupling effect of connecting cable assemblies to dissimilar metal appurtenances and contrast this with the absence of this effect on CD; and (iv) suggest the most appropriate service life conditions and design for maximising cable connector life-time expectancy.
Experimental
Three parallel exposure trial studies were initiated using nominally identical test frames. Two of these trials were outdoor, long-term trials consisting of test samples exposed in a tank (containing flowing natural seawater from Langstone Harbour, Portsmouth, UK) and on a sea raft (Langstone Harbour, UK). The outdoor exposures were carried out for 2 years at average Langstone Harbour seawater temperatures of 8 ºC and 17 ºC for the Winter and Summer periods, respectively. The third study was a laboratory accelerated test carried out using a salt-spray cabinet. The first two tests were designed to simulate failures in cable connector assemblies as experienced in the actual service condition using modelled samples whilst the salt-spray test accelerated such failures whilst under elevated stress conditions. X-ray diffraction (XRD) techniques were used to analyse corrosion products recovered from the failed sample interfaces and to identify the crystalline phases present. This helped to deduce the dominant failure mechanism(s) of the test samples following exposure.
Materials and equipment
Stainless steel 316L, bronze CW451K and titanium Ti6Al4V alloys were obtained from Aaron Metal and Plastics Suppliers Ltd., Bristol, UK. Brown angular Al2O3 and black SiC-rich grits used for surface preparation were supplied by Vixen Surface Treatment Ltd., Stockton-on-Tees, UK and Guyson International Ltd., North Yorkshire, UK, respectively. The alloying elements (%) for stainless steel 316L, and the bronze and titanium alloys, respectively, were: Cr 16.00-18.00, Ni 10.00-14.00, Mo 2.00-3.00, Mn 2.00, N 0. Two polymeric primer coatings were used in the current study: a wash primer, PR24 (Lords Corporation Ltd., Manchester, UK), and a PU primer (PR91; Dow Hyperlast, Derbyshire, UK). The former consists of: an alcoholic dispersion of zinc tetraoxychromate (ZrCrO4.4Zn(OH)2) in poly(vinylbutyral) (PVB) (Part A, resin) and a dilute alcoholic solution of phosphoric acid (Part B, curing agent) ( Table 1 ) [25, 26] , the product of which adheres well to a variety of metal and polymer surfaces; the chromates act to passivate the metal surfaces [26] . The most likely bond forming components of PR24 are PVB, phenol and phenolic resins; PVB is produced from the reaction of polyvinyl alcohol (PVA) and butyraldehyde (Fig. 2) . PR91 was a two-part PU comprising a polyol (Part A) and an isocyanate (Part B), although the exact chemical composition was not made available. The use of PUs for pipeline coatings and various marine applications are well-reported [27] [28] [29] . Castable PU was also supplied by Dow. The grit-blasting equipment employed was a Vixen Jet air VM42 blast cabinet (Vixen, Stockton on Tees, UK) [7] . Surface preparation of metal substrates, priming and test sample moulding using injection moulding (Unipre G31, Unipre GmbH, Werl, Germany) were carried out according to standard procedures (PDM/STD/3009: TeledyneImpulse PDM, Alton UK) [30] . XRD analysis of corrosion products was carried out using an XRD PW1729 X-ray generator 2θ (Philips, Cambridge, UK). The salt-spray equipment used for neutral salt-spray testing was the Gallenkamp Industrial SSC1000/E (Weiss Gallenkamp Ltd, Loughborough, UK). Test samples were tested according salt-spray specification ASTM B117 [31] , using a fog mist from NaCl solution (3.5 w/v %) to mimic artificial seawater salinity of 3.5 w/v%. A continuous spray cycle testing was employed at 35 C and 95 -98 % relative humidity for a period of about 4 months. The equipment was only switched off for short intermittent durations to replenish the NaCl solution reservoir, humidity moisture tank and to examine the test samples for signs of delamination failure. Sample assessment for delamination failure (metal-to-polymer bond strength testing) was carried out using a Super Samson spring balance (20 kg, Salter Brecknell, Melbourne Australia).
Test sample preparation
The metal substrates (3 mm thickness) were received with a machined (ground) surface finish. They were cut into test pieces (100 mm × 25 mm), and a 6 mm diameter hole was drilled into one end of each of the test pieces for sample attachment. They were then grit-blasted (Al2O3 or SiC grit) [7] , primed (either PR24 or PR91), allowed to dry and then over-moulded with castable PU in permanent open-fill PU moulds (Fig. 3 ). Prior to moulding, ca. 10 mm of the drilled end of the coated metal test pieces were masked with adhesive tape to create an unbounded free end for sample attachment onto testing rigs and for bond or adhesion testing following exposure.
Fig. 3. (a) Schematic of a test sample comprising of metal/primer/PU composite. (b) Photographs of moulded metal/primer/PU composite test samples showing revealed bond-line (black arrows).

Test rig design
The test rig was designed to allow the moulded test samples to be subjected to electrical stresses by attaching them to a carbon steel metal frame (686 × 600 mm) such that the samples were either directly electrically connected to or isolated from the frame, using steel nuts/bolts with isolation sleeves/washers as appropriate (Fig. 4) . The carbon steel frame was cathodically protected using Zn anodes, hence simulating actual service environments thought to be favourable to CD failures in cable connector assemblies [1, 3, 6] . These two sample attachment configurations were introduced into the test rig design to simulate the galvanic coupling effect of connecting dissimilar metals to test samples and to contrast this with the absence of this effect. They also served to establish whether this had an effect on the rate of CD failure in cable connector assemblies. Electrical conducting wires were attached to selected test samples using crimp-on terminals that were connected to the samples. The other ends of the wires were terminated using banana-plugs that were used to connect a digital voltmeter (to measure electrochemical potential differences). The carbon steel beam (with attached test samples) was attached to the carbon steel frame, cathodically protected with zinc anodes (68 cm
Fig. 4. Photographs showing (a) connected and (b) isolated test sample configurations, (c) photograph of samples attached to a carbon steel beam together with crimp-on conducting wires for measuring rest potentials in seawater.
Bond testing and delamination kinetics
The metal/polymer interface of each horizontally-held test sample (metal-to-polymer bonded area ca. 2000 mm
Fig. 5. Schematics of (a) bond testing of exposed samples using a spring balance, and (b) the test sample bond area and relative percentage failure measurement criterion.
The relative percentage reduction in bonded area due to delamination was measured using the standard surface area of the test samples (Eq. 1; Fig. 5b ),
where BF = % bond failure, A0 = initial bonded area, and Af = final bonded area.
The BF values were converted to equivalent surface area (mm 2 ) and plotted against (time / h) 0.5 . The slopes of these plots were used to determine the kinetics of cathodic delamination of exposed test samples according to Arrhenius rate law (Eq. 2 and 3) [3, 32] . The slopes were squared and substituted into Eq. 3 to obtain CD rates in mm 2 h -1
. The adequacy of Eq. 3 has been confirmed experimentally and may be used to describe failures due to diffusion in solid state devices and other metal and polymer composites. In relevant products and failure modes, the test data fits the Arrhenius equation and yields straight line plots. When the relationship holds, this suggests a mechanism of failure by degradation due to a single chemical reaction or by diffusion [3, 32] . Products tested using this model are assumed to fail when the single chemical reaction has produced a critical amount of reaction products or when the product has diffused [3, 32] .
Potential measurements
The electrochemical potentials of the test samples in seawater were measured against Ag/AgCl reference electrode. Measurements were obtained using a high-impedance digital multimeter (Tenma 72-7930, OH, USA). The impedance of the reference electrode was < 1 kΩ throughout the measurements.
Results and discussion
Characteristic interfacial failure patterns and cathodic delamination rates
Following exposure, the observed failure patterns varied with sample attachment configuration. For samples tested using "connected" test configuration, i.e., by electrically connecting the test samples to a carbon steel beam, this consisted of a central rectangular island of primer, still attached to the metal (Zone 2; Fig. 6 ). This island of primer was surrounded by an area of relatively clean metal regions along the edges of the metal plate (Zone 1, Fig. 6a ). The failed PU interface of the test sample was an exact mirror image of the failed metal interface. For the "isolated" test samples, i.e., samples electrically isolated from the carbon steel beam, visual and microscopic examination revealed a thin primer layer on both metal and PU failure interfaces (Fig. 6b) suggesting that failure had occurred in the bulk of the primer. The failure modes observed in these test samples were similar in characteristic to those reported by Watts et al. [10] [11] . Using XPS, they observed that cathodically polarised coated steel panels failed through a two stage process characterised by two regions that consisted of a clean, matt-grey steel substrate adjacent to adhering polymer [10] . In test panels tested under a free corrosion potential, referred to as isolated samples in this work, Watts et al. observed that the failure, though close to the surface, occurred within the bulk of the primer [10, 11] . They concluded that these failure regions (Zone 1 and Zone 2) were the result of different levels of alkalinity caused by different diffusion paths of Na + , i.e., lateral and downward diffusion of cations, respectively [10] . Although downdiffusion, as described by Watts et al. and initially proposed by Kendig et al. [33] , might be true for a thin highpermeable polymer film, this argument was thought be highly unlikely in the systems considered in this work due to the thickness (~10 mm) and very low water absorption (2.1 %; 1000 h at NTP) characteristic of the PU encapsulate (EMC 80A) used [34] . Lateral diffusion through the edges was believed to be the only likely pathway for ions to the PU/metal interface. These results are also consistent with the recent finding of Ramotowski et. al. [3] and gave confidence to conclude that the patchy rectangular primer region (Zone 2) on the failed metal surface was caused by weakening of the primer/PU interface due to lateral diffusion of ions through the edges of the sample. CD is believed to have been initiated at the edges of the sample and propagated (inwards) through the clean metal region (Zone 1) due to the accumulation of OH -from the oxygen reduction reaction (Eq. 4),
and/or seawater ingress through the edges of the samples. The surface areas of these two regions, i.e., Zones 1 and 2, were observed to vary with exposure time. Whilst the area of the former increased, that of the latter was observed to decrease, with exposure time. This was also consistent with the findings of Ramotowski et al. [3] . On the application of a pull force during intermittent bond tests, the locus of failure transits from the metal/primer interface (Zone 1) to the primer/PU interface (Zone 2) due to the already weakened primer layer. Hence, a rectangular primer patch is still left attached to the metal, which is characteristic of CD surfaces (Fig. 7) . Since the surface area of Zone 1 (A1) was inversely proportional to that of Zone 2 (A2) as a function of time, A1 was used as a variable to calculate the cathodic delamination kinetics [3, 27] . In seawater immersion tests, the rates of cathodic delamination were determined by calculating the slopes of the plots of (A1 / mm . For stainless steel samples prepared using PR24, samples tested using connected test configuration failed in < 2 months of exposure, i.e., before the first % BF data was collected. The corresponding bronze CW451K and titanium Ti6Al4V test samples failed within a period of ~ 4 months at CD rate of ca. 3 mm 2 h -1 ( Table 2 ). . Generally, the isolated samples showed higher delamination resistance (ca. 25 -100 %) compared to nominally identical samples tested using connected test sample configurations (Tables  2 and 3 ).
Fig. 6. Schematics of the failure patterns of (a) connected samples showing metal interface with a rectangular patch of primer (Zone 2) surrounded by regions of relatively clean metal edges (Zone 1); note the PU interface is an exact mirror image of the metal substrate; (b) isolated test samples showing metal and PU interface covered with a thin layer of primer.
Fig. 7. Photographs of failed test samples showing zones 1 and 2 failure patterns of samples primed with PR24 and having direct electrical connection to the carbon steel beam.
In samples prepared using PR91 and tested using connected test configuration, stainless steel 316L had CD rates of ca. 1 mm 2 h -1 while bronze CW451K and titanium Ti6Al4V showed delamination rates of 0.85 and 0.51 mm 2 h -1 , respectively. The Arrhenius relationship did not hold for nominally identical samples prepared with PR91 and tested using isolated test configuration. In the latter case, no failure was observed for > 1 year of exposure period in the seawater environment.
It was also observed that the straight lines plots had slopes with R 2 values > 0.9 indicating a strong relationship between A1 and time. The lines did not intercept the x-axis at zero, indicating the presence of an incubation period prior to the initiation of CD failure in the test samples. The average delay time or incubation period was ca. 1400 h prior to the onset of CD failure. The highest incubation period (2162 h) was observed for Ti6Al4V samples prepared with PR91 and tested using isolated test configuration (Table 2 ). This observation was consistent with that of Ramotowski et al. who observed that the magnitude of the incubation periods varied with temperature and type of polymeric composite material [3] .
Correlation of accelerated salt-spray tests with flowing seawater tanks and exposure raft
Generally, higher failure rates were observed in tests carried out in the salt-spray cabinet compared to seawater exposure trials (Table 3) . This was believed to be due to higher testing temperatures (35 ºC) in the former compared to the later (8 and 17 ºC). The delay or incubation time prior to the onset of CD failure was also observed to be markedly lower in the salt-spray test compared to seawater exposure trials (Tables 2 and 4 ). Tests carried out in these environments were observed to show similar results in terms of overall primer resistance, failure mechanism(s) and failure patterns (Fig. 6) . The data obtained indicated that the polymer-to-metal bond life-time expectancy of primer PR91 was at least twice that of PR24 in all test conditions (Table 3 ). The results showed that the former had better resistance to failure than the latter, e.g., when applied to stainless steel 316L and tested using "connected" test configuration in seawater trials, failure occurred within 3 -4 months as compared to 5 -6 months in samples treated with PR24 and PR91, respectively. Although test sample configurations appeared to have had no significant effect on tests carried out in the salt-spray cabinet, the CD rates were also observed to be higher in PR24 samples compared to PR91 (Tables 2 and 4 ). However, irrespective of the primer type used, samples tested using connected test configuration were generally observed to have a higher rate of CD failure than those tested using the isolated test configuration in seawater (Tables 2 and 3 ). The increased failure rate was thought to be due the added effect of galvanic coupling of the samples to the carbon steel beam on the test frame. Since the carbon steel beam corroded preferentially to the stainless steel 316L in connected samples, the electrons generated by the anodic reaction (taking place on the carbon steel) were available for the cathodic oxygen reduction reaction (Eq. 4) which occurs on the stainless steel 316L surface (cathode). The OH -ions generated by this reaction, we suggest, enhanced CD failures in these samples. Also, in the isolated test configuration, it was observed that samples treated with PR91 and having their polymer-to-metal bond-lines unexposed during testing, i.e., with their edges totally encapsulated in PU, had the longest failure resistance (> 2 years) in seawater immersion trials. These results were consistent with those of Ramotowski et al. [3] , who in similar experiments using monel 400 alloy as the metal substrate, found that CD propagated via exposed polymer/metal bond-lines [3] . This gave us the confidence to surmise that the absence of a "defect", i.e., exposed metal at the sample edges in this case, in which water and/or ions could laterally diffuse to the metal/polymer interface, could further enhance resistance to CD and increase cable connector service life expectancy. The better failure resistance exhibited by PR91 was thought to be partly due to its generic properties being identical to and hence compatible with those of the overlaid PU [27, 28] . Generic compatibility is key to the adhesion between two polymer materials and in the formation of more resistant bonds across the metal/primer/PU interface [27, 28] . Thus, PR24 would be expected to be less compatible with PU and lead to greater failure. * S = Stainless steel 316L, B = bronze CW451K, T = Titanium Ti6Al4V; NFR = no failures recorded.
Effect of galvanic coupling on test samples
In terms of electrochemical potential differences due to galvanic coupling in flowing seawater, all samples tested using the connected test sample configuration, were found to possess electrochemical potentials that were at the onset of ca. -560 ± 2 mV vs. Ag/AgCl (Table 5 ). These potentials shifted to more negative values of -860 ± 2 mV vs. Ag/AgCl within a month and remained constant for 3 months (Table 5 ). These potential trends were the same irrespective of the metal substrate type or polymeric system used ( Table 5 ). The electrochemical potentials were as a result of the galvanic coupling effect arising from electrically connecting the test samples to the carbon steel frame, the latter being anodic to the former will have altered its electrochemical potential in the negative direction and would corrode preferentially when electrically connected in seawater. This phenomenon was also suggested by Arnett et al. [4] , who conducted research on non-conducting coatings on metal connector back-shells and found identical electrochemical potentials (-800 mV vs. SCE) to be favourable to CD via the electrochemical reaction (Eq. 4) [4] . * S = Stainless steel 316L, B = bronze CW451K, T = Titanium Ti6Al4V.
Samples tested using the isolated test sample configuration were found to have electrochemical potential in seawater that were initially negative values before shifting to more positive values during the first 30 days of measurement (Table 5) . During this period, potentials fluctuated from -280 to +42 mV vs. Ag/AgCl on stainless steel 316L samples, -230 to -140 mV on bronze and -206 to -87 mV when using Ti6Al4V test samples (Table 5 ). After 1 month of exposure, these potentials shifted to values more negative than -500 mV vs. Ag/AgCl in some of the test samples. This negative shift was found to be related to an accumulation of corrosion products between the underside of the test sample and the carbon steel beam, which caused an electrical connection between them. Although the predominant mode of failure in isolated test samples was characterised by a layer of primer on both failure interfaces (metal and PU; Fig. 6b ), a visual examination of the failed metal interfaces of the test samples that experienced electrical shorting (due to underside accumulation of corrosion products), revealed the onset of a rectangular, patchy primer surrounded by regions of relatively clean metal surface that extended ca. 1 mm inward from the edges of the failed metal interface. The failed PU interface was an exact mirror image (Fig. 7) . This was consistent with similar observations of other authors who reported that Zone 1-type of failures occurred only during CD [3, [10] [11] .
In flowing seawater (tank and sea-raft exposures), the marked difference in measured electrochemical potentials (ca. 300 mV vs. Ag/AgCl) between samples tested using connected and isolated test configurations was thought to be responsible for the increased rate of CD failures (> 50 %). Since the carbon steel beam corroded preferentially to the stainless steel in connected test samples, the former altered the electrochemical potential of the latter and corroded preferentially in seawater. The electrons generated by the anodic reaction were available for the cathodic oxygen reduction reaction (Eq. 4) which occurred on the stainless steel sample surface underneath the polymer, generating OH -and thus leading to enhanced CD failures.
Although failure rates increased (ca. 200 %), the test configuration (connected or isolated) did not have a significant effect on tests carried out using the salt-spray cabinet. This was probably due to higher temperatures and the nature of the electrolyte (salt fog mist) used in salt-spray cabinet compared to the 100 % liquid electrolyte in seawater trials. The former could have limited ionic transfer and hence electrical conductivity in the system. Although different primers, metal substrates and test configurations/environments were used, the results obtained strongly suggested that the electrochemical potentials introduced in the form of galvanic coupling of dissimilar metals (connected test) had the most dominant effect on the rate of CD failures. The failure rate due to CD was observed to decrease in the order: electrochemical potential > polymeric system > metal substrate type. A combined effect of any two or more of these factors could further enhance failure rates and reduce life expectancy of finished products. The lower rates of failure recorded in isolated test samples support the premise that if cable connector assemblies are electrically isolated from other metal structures and/or appurtenances, their useful service life could be increased by > 100 %. Such electrical isolation can be achieved by the use of suitable, non-conducting isolation sleeves or seal gaskets between the cathodically protected metallic structures and metallic receptacles (female) of the cable connector assemblies. This was demonstrated using modelled test samples in the exposure trials conducted in this research work. Isolation sleeves electrically isolated the whole sample from the carbon steel frame while still remaining connected to it. In the same manner, it is believed that isolation sleeves will isolate the whole cable connector assembly from the metal structure while still remaining connected to its female receptacle connector part. This will therefore remove the conducting pathway necessary for the oxygen reduction reaction and reduce CD (Fig. 8) .
Fig. 9. (a) Photograph showing grey encrustment of CaCO3 on the underside of connected test samples (red arrow) and the absence of this deposited on the underside of isolated test samples (black arrow); (b) XRD patterns of the brown deposit found on the carbon steel beam showing diffraction patterns of two forms of iron hydroxide: goethite (αFeO(OH) (green line) and lepidocrocite (γ FeO(OH) (blue line).
All connected test samples were also observed to have grey encrusted deposits on the undersides of the metal plates (Fig. 9a) . XRD showed these to be CaCO3 and is typical of cathodically polarised surfaces, where dissolved CO2 and Mg(OH)2 at high local pH cause precipitation of CaCO3 [35, 36] . The surface of the carbon steel beam, to which the test samples were attached, was covered with a layer of brown deposit, identified by XRD as goethite ( FeO(OH)) and lepidocrocite ( FeO(OH)), both being corrosion products of iron (Fig. 9b ) [37] [38] [39] . This was expected since the carbon steel was anodic to the stainless steel, bronze and Ti6Al4V samples.
The general failure patterns of test samples were identical in all test regimes and no grey encrustment (CaCO3) or precipitate was found on the underside of any isolated test samples nor those tested in the salt-spray cabinet (connected and isolated). This was thought to be due to the electrochemical potentials in these samples not being negative enough to cause the production of OH -at the interface and hence the precipitation of CaCO3 on the surface. The presence of a fog mist electrolyte in the salt-spray test could also be a contributory factor.
Conclusions
When stainless steel 316L, bronze CW451K and titanium Ti6Al4V are pretreated, coated with a primer and overmoulded with a PU encapsulant, these composites experience failure by CD when exposed in seawater and in a saltspray cabinet. The mechanism(s) and rates of failure varied with the testing conditions/configurations employed, primer and metal substrate used.
Based on the exposure trials carried out, it was clear that the metal/polymer interface of all galvanically coupled samples tested in flowing seawater were under the influence of an electrochemical potential having formed a galvanic cell in the test environment. These induced potentials were observed to have the propensity of enhancing CD failure in the samples. Conversely, this effect was absent in uncoupled samples observed to be under their natural or open circuit electrochemical potential in seawater.
In the same way, it can be surmised that the back-shells of cable connector assemblies, when coupled to carbon steel hulls or other metal appurtenances in seawater will be subject to the influence of electrochemical potential, i.e., -860 mV vs. Ag/AgCl, similar to those experienced by samples tested under galvanically coupled conditions. These potentials will be more negative when the steel structure is cathodically protected with anodes (Zn or Mg) or when the cable connector is connected to metal appurtenances that are less noble than the metal connector backshell material. Under these conditions, the surface of the metal connector back-shell will be cathodically polarised due to an accumulation of free electrons. These are then available to be used in one or more of the cathodic oxygen reduction reactions in which OH -ions are produced, leading to CD failure. The availability of electrons on the metal surface (underneath the polymer) or at the metal connector back-shell could be the precursor to accelerated CD failures via the oxygen reduction route in cable connector assemblies. Since uncoupled samples showed better resistance to CD failure in seawater, this gives confidence to conclude that when a cable connector assembly is electrically isolated from the metal structure and/or appurtenances, its useful service life could be increased by > 100 %. Electrical isolation could be achieved by the use of suitable non-conducting isolation sleeves or seals between the cable connector female receptacles and the structure to which it is attached. Short-term accelerated salt-spray tests were validated by out-door exposure testing and from the test data obtained, it can also be concluded that the choice of superior primers can significantly enhance polymer-to-metal adhesion and hence the resistance to CD. Polymer-to-metal bond life-time expectancy of PR91 was twice that of PR24 primer. In terms of metals used under conditions of open circuit electrochemical potentials in seawater, the resistance to CD was observed to increase in the order: stainless steel 316L > bronze CW451K > Ti6Al4V. The failure rate due to CD was generally observed to decrease in the order: electrochemical potential > polymer system > metal substrate.
